CHAPTER 1 Introduction 1 .I Objectives
The characteristics of land important for climate are very heterogeneous, as are the key atmospheric inputs to land, i.e. precipitation and radiation. To adequately represent this heterogeneity, state-of-the-art climate models should represent atmospheric inputs to land, land properties, and the dynamical changes of land at the highest resolution accessible by climate models. The research funded under this project focused on the development of an alternative approach to this problem in which a sub-mesh is imposed on each atmospheric model grid square. This allows representation of the land climate dynamics at a higher resolution than that achievable in the global atmospheric models. The high spatial detail of the fine-mesh treatment provides not only a more accurate representation of land processes to the atmospheric model, but also the opportunity for direct downscaling of the surface climate.
The proposed project continued the development and refinement of a high-resolution land surface model that is compatible for inclusion into the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM), a state-of-the-art atmospheric general circulation model (GCM) that is used for climate simulation and prediction. 
CHAPTER 2 Research Overview
The research funded by DOE'S Climate Change Prediction Program (CCPP) described in this report has focused on the development of the fine-mesh model interface and its sub-grid parameterizations. The following briefly describes these developments.
The fine-mesh model
The fine-mesh model represents a land surface model interface that represents sub-grid scale land heterogeneities by a sub-mesh imposed on each atmospheric model grid. A water and energyconserving scheme disaggregates atmospheric conditions to the fine-mesh model grid and aggregates surface fluxes back to the atmospheric grid.
The developed interface is compatible for inclusion into the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM), and uses the Biosphere-Atmosphere Transfer Scheme (BATS), which is described in Dickinson et a1 (1993) , as its land surface scheme. The current model setup is as follows: The fine-mesh model is a high-resolution, land global model that explicitly represents the spatial heterogeneities in the land surface. Fine-mesh elements with relatively uniform areas and land cover as the only heterogeneity treated are easily implemented, are relatively efficient computationally, and provide similar results to the more conventional mosaic approach. However, the fine-mesh representation generalizes much more easily to inclusion of precipitation, solar radiation, topography, soil and hydrological properties, among other factors. 
.I Interaction scheme
The atmospheric model grid (hereafter called "CCM grid") is coupled to a fine-mesh model grid (hereafter called "HR grid") in two stages. First, for disaggregation, the CCM near-surface state and downward radiative fluxes are "supplied" to the HR grid, and for aggregation, the HR grid surface fluxes are combined and returned back to the atmospheric model. Energy and water must exactly be conserved in both stages. Even small errors in the energy and water budget between the surface and the atmosphere can lead to inconsistencies in the model simulation and possibly to computational instability.
The aggregation procedure is illustrated in Figure 2 .2. Surface fluxes are aggregated to a CCM grid by area weighting the surface fluxes for all HR land grid boxes, labeled "E', whose centers are contained within that CCM grid box. CCM grid fluxes for boxes located along the coastline are a linear combination of the land aggregated fluxes and the ocean fluxes. The ocean flux is computed using the model standard ocean and sea-ice parameterizations appropriate to the CCM grid box. three model simulations are almost indistinguishable, and are closer to each other than either is to the observations. Global land statistics, however, do show a few notable differences. Land surface temperatures are warmer (by 0.4"C) in CCM3-BATS than in CCM3-LSM, consistent with larger net surface radiation (by 1.4W mP2). Latent and sensible heat fluxes are larger in CCM3-BATS than in CCM3-LSM, and precipitation in CCM3-BATS is greater by 0.07mm day-', consistent with a more vigorous hydrological cycle. CCM3-HRBATS shows increases in fluxes of latent heat and decreases in fluxes of sensible heat (2.3W mP2) from the CCM3-BATS simulation, which are associated to increased soil water content. These changes are accompanied by increases in land precipitation (from 2.33 to 2.42 mm day-') and low cloud fraction (1.6%), implying in a decrease in the net downward shortwave flux (-1.6W mP2) and an increase in the net upward longwave flux (-2.4W mP2) at the surface.
Performance

CCM3-BATS and CCM3-HRBATS). Both the annual global energy and water budgets for the
How surface temperature and precipitation differ geographically between the CCM3-BATS and CCM3-HRBATS simulations is shown in Figure 2 .3 and Figure 2 .4 for the periods December- 
Topographical aspects
The surface of the Earth is composed of nonuniform terrain which partially controls the amount of incident radiation available at the surface and in turn controls regional vegetation, hydrology and ecology. Accurate land surface-atmosphere transfer interactions may require the terrain to be viewed as homogeneous sub-regions of slope and aspect, particularly over complex terrain.
Processes associated with net solar radiation and hydrology are sensitive to the degree to which the surface slope and aspect are approximated.
The effect of topographic differences are taken into account by including the slope and the aspect of each grid point in the computation of the incident solar radiation to be used by the land surface scheme.
Aggregated slopes and aspects derived from the HydrolK Elevation Derivative Database, are calculated as "radiative mean" slopes and "radiative mean" aspects, which give the equivalent amount of radiation for each of the fine-mesh grid considered. The simulated direct incident solar radiation differences between inclined and flat surfaces confirm what it is expected from theory: a north looking slope receives less radiation than a flat surface, whereas a south looking surface receives more radiation. The diurnal variation of incident solar radiation for a north oriented surface is shown in Figure 2 .7, while the diurnal incident solar radiation for a south oriented surface is shown in Figure 2 .8.
Simulations using CCM3 coupled with the 0.5" fine-mesh model are evaluated in terms of their snow depth and cover. A three-month ("melting season", i.e. JFM) simulation for the difference in snow equivalent water depth between a run with implemented topography and a control run with no topography, indicates substantial differences for the world's most important topographic areas.
To better understand the influence of topography, one needs to examine a particular GCM grid squares where the dominant distribution of the slopes is known.
For the south oriented surface (Figure 2. 9), the model shows consistent links between all quantities: more solar radiation correlated with less snow, more cloud coverage correlated with more precipitation and its associated increase in snow cover. The highest snow water equivalent difference is seen where radiation-snow depth correlation is positive, (even though the topography run receives less radiation than control one, as we expected), the difference in cloud coverage and in temperature are consistent; there is high cloud coverage and negative temperatures, which together, do not allow snow melting, whereas less clouds but positive temperatures make all the radiation received (even small amounts of it) to melt the snow accumulated.
Two important conclusions we be can draw from this preliminary study:
1. Introducing topography into the fine-mesh model coupled to CCM3 produces changes consistent with the physical quantities they modify. That is most changes in parameters such as snow cover and depth are seen over mountainous terrain.
2. In many regions multiple feedback mechanisms complicate the interpretation of the model results. 
Precipitation disaggregation
In addition to the inherent sub-grid nature of surface characteristics, the inputs, or "forcings", from the atmosphere to the land surface are also highly heterogeneous. The most variable of these forcings is the precipitation field.
One approach in incorporating sub-grid scale precipitation variability in land surface models is to consider its statistical representation within the GCM grid square. Most models that use this approach assume that rainfall is patchy, and falling only on a small fraction of the GCM grid square. The statistical distribution of rainfall is then incorporated into the equations controlling hydrological processes such as the runoff generation and evapotranspiration.
Within the fine-mesh model we have chosen to explicitly represent rainfall variability within a GCM grid square. We assume that the majority of precipitation events occur over a small fraction of the entire grid square. For simplicity, we also assume that the spatial distribution of precipitation is uncorrelated in time.
The procedure used within the fine-mesh model follows. cess is iterated until a fraction p of the GCM grid square (or, p x N x N sub-mesh grid points) is covered with rainfall. Fine-mesh precipitation amounts are then normalized to conserve the GCMproduced precipitation. A schematic representation of the scheme is presented in Figure 2 .10.
The exponential distribution of fine-mesh rainfall is highly attractive because it depends on a single parameter, the "wetting" area, which could potentially be estimated from observations of rainfall or the thermodynamical structure of the large-scale environment.
The differences in surface temperature and precipitation between the control (CCM3-HRBATS) and CCM3-HRBATS with p=0.2 simulations are presented in Figure 2 .1 1 and Figure 2 .12. Changes in near-surface temperatures include cooler land (1°C) over most of the mid and high-latitude continents in the Northern Hemisphere during D F . In the tropics, the reductions in evapotranspiration lead to significant warming (1-2°C) in both DJF and JJA.
Changes in precipitation are mainly confined to the tropical area. During DJF, there are large and significant differences in precipitation over tropical land, with decreases of the order of 1-2 mm day-' over the Amazon and tropical Africa. During JJA, the largest differences in precipitation migrate north, with increases over northern South America and Central America and India, and an area of significant decreases in precipitation over the central United States.
Results from this aspect of our research have recently been submitted for publication. A copy of the abstract of this manuscript (Hahmann 2002 ) is available in Appendix A. 
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Abstract
A method for spatial disaggregation of rainfall to be used within a general circulation model (GCM) is presented. The method is based on the assumption of exponential distribution of rainfall rates that are a function of the area of the GCM grid square where precipitation is occurring.
The climate simulated using the precipitation disaggregation scheme shows considerable changes from the simulated control climate with overall warmer and drier tropical land and warmer high latitude continental areas. Changes in the simulated climate can be explained by direct local landatmosphere interaction processes and remote responses to changes in tropical heating linked to differences in precipitation. In the tropics, the relationship between decreases in rain-covered fraction and decreases in GCM surface evaporation and precipitation follows an exponential relationship.
